The band structure of high carrier density metal CrP features an interesting crossing at the Y point of the Brillouin zone. The crossing, which is protected by the nonsymmorphic symmetry of the space group, results in a hybrid, semi-Dirac-like energy-momentum dispersion relation near Y. The linear energy-momentum dispersion relation along Y-Γ is reminiscent of the observed band structure in several semimetallic extremely large magnetoresistance (XMR) materials. We have measured the transverse magnetoresistance of CrP up to 14 T at temperatures as low as ∼ 16 mK. Our data reveal a nonsaturating, quadratic magnetoresistance as well as the behaviour of the socalled 'turn-on' temperature in the temperature dependence of resistivity. Despite the difference in the magnitude of the magnetoresistance and the fact that CrP is not a semimetal, these features are qualitatively similar to the observations reported for XMR materials. Thus, the high-field electrical transport studies of CrP offer the prospect of identifying the possible origin of the nonsaturating, quadratic magnetoresistance observed in a wide range of metals.
INTRODUCTION
The recent discovery of an extremely large magnetoresistance (XMR) in nonmagnetic topological semimetals has generated considerable attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . At zero applied magnetic field, the electrical resistivity of XMR materials decreases with a decreasing temperature, following a typical metallic-like temperature dependence. Interestingly, at a modest magnetic field, the electrical resistivity begins to increase below a characteristic temperature, which is commonly called the 'turn-on' temperature [1, 5] . Because of the low temperature upturn in the resistivity at high magnetic field, the magnetoresistance experiences a significant enhancement, giving rise to a remarkably large magnetoresistance. In WTe 2 , for instance, the magnetoresistance can reach 452,700 % at 14.7 T at 4.5 K [1] .
The mechanism giving rise to the XMR behaviour is currently under debate [1, 5-12, 16, 18, 19] . In particular, it is not clear if it is necessary to invoke the notion of nontrivial band topology to explain the origin of XMR [6, 8, 9] . Indeed, several cases [1, 2, 5, 10, 11, 16, 18, 20] exist which show that a simple two-band model is sufficient to quantitatively reproduce the extreme magnetoresistance. In XMR compound LaSb, angle-resolved photoemission spectroscopy (ARPES) failed to detect any nontrivial topology associated with the band structure [15] . Instead, it was argued that the nonsaturating magnetoresistance is simply due to a nearly perfect compensation of the holes and the electrons. To deepen the understanding of the XMR behaviour, it is important to study materials which exhibit similar behaviours.
The nonmagnetic metal CrP features an interesting band crossing at the Y point of the Brillouin zone [21] . Along Y-Γ, the dispersion relation E(k) is linear; along Y-S, the dispersion is parabolic. The crossing is fourfold degenerate, protected by the nonsymmorphic symmetry of the space group P nma. The Fermi level is only ∼ 47 meV above the crossing point [21] , resulting in a small Fermi pocket centered at Y. If this were the only energy band, CrP would qualify to be a topological semimetal. However, CrP is a good metal that hosts multiple large Fermi surface sheets, in addition to the small pocket at Y. A detailed study of CrP has become even more urgent due to the recent discovery of the pressure-induced superconductivity in CrAs [22, 23] , which is isostructural to CrP. With the application of a moderate pressure of ∼7 kbar, the helimagnetic state in CrAs can be suppressed, accompanied by the birth of the superconductivity. The band structure in the paramagnetic state obtained by density functional theory is similar in two compounds [21] . In particular, the nontrivial band crossing at the Y point is preserved in CrAs, but the crossing point is even closer to the Fermi level, giving rise to a tiny Fermi pocket which is believed to be responsible for new Landau levels, and an unusual quasilinear magnetoresistance at low temperatures [21] .
In this manuscript, we report an extensive dataset of the transverse magnetoresistance of a highly pure CrP single crystal as a function of temperature, magnetic field strength and field angle, down to ∼16 mK and up to 14 T. Despite the obvious difference in the carrier density from typical topological semimetals, CrP exhibits many features that are characteristic of XMR materials, including the 'turn-on' temperature and a nonsaturating magnetoresistance, although the magnitude of the magnetoresistance is smaller in CrP. In addition, highquality Shubnikov-de Haas oscillations can be resolved from our data, allowing the construction of the Fermi surface. Hence, our detailed study of CrP serves two purposes: it provides a large carrier density reference for comparison with typical semimetals showing XMR, and simultaneously it is an important reference compound to understand the normal state of the pressure-induced superconducting state in CrAs.
EXPERIMENTAL DETAILS
Single crystals of CrP were synthesized by the chemical vapour transport method [24] , utilizing iodine as the transport agent. The charge zone was set to 900
• C and the growth zone was kept at 800
• C for 2 weeks. The electrical resistivity was measured with the conventional four-probe configuration with the current flowing along the crystallographic a axis. A dilution refrigerator (BlueFors) equipped with a 14 T superconducting magnet was used to cool down the sample to ∼16 mK. The sample was placed on a rotator at the center of the magnet. The rotation axis was parallel to the crystallographic a axis, and hence the magnetic field is always perpendicular to the current direction. The magnetic field angle was monitored by a Hall sensor glued on the rotator platform. Reference data of CrAs at 13.1 kbar were collected as described in Ref. [21] . The electronic structure was calculated using the all-electron full-potential linearized augmented plane-wave code WIEN2k [25] . The generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) [26] was employed for the exchangecorrelation potential. Experimental lattice constants at 4.2 K [27] were used in the calculation and internal structure optimization was performed. The muffin-tin radii were set to 1.96 a.u. for the P atoms and 2.24 a.u. for the Cr atoms. R min MT K max =8 and a k-point mesh of 10000 in the first Brillouin zone were used. The quantum oscillation frequencies were extracted using the Supercell K-space Extremal Area Finder (SKEAF) code [28] .
RESULTS AND DISCUSSION
Figure 1(a) shows the temperature (T ) dependence of electrical resistivity (ρ) in CrP at different magnetic field. The zero field ρ(T ) exhibits a typical metallic behaviour. The small residual resistivity (ρ 0 ) of 0.15 µΩcm and the large residual resistance ratio (RRR) of 455 indicate superior crystal quality. As magnetic field increases, ρ(T ) exhibits a more complicated behaviour at low temperatures, as shown in the inset of Fig. 1(a) . Above 6 T, it begins to show an upturn below T * ∼ 25 K . This is the so-called 'turn-on' behaviour, which has been observed in all XMR materials studied so far [1, 3, 5, 7, 8, [13] [14] [15] [16] [17] [18] 20] . T * increases with an increasing magnetic field, and it reaches ≈ 38 K at 14 T, as indicated by the arrow in the inset of Fig. 1(a) . As shown in Fig. 1(b) , the zero field resistivity can be described by ρ(T ) = ρ 0 + AT 2 below 25 K, with an extremely small A = 0.29 nΩcmK −2 . For comparison, the data of CrAs at 13.1 kbar is plotted, which shows a very narrow T 2 region with a A-coefficient which is ≈ 37 times larger. The large difference represents a much stronger electron-electron correlation in CrAs at 13.1 kbar, which may be attributed to the magnetic fluctuation or the proximity to a quantum critical point (QCP) [29, 30] . The Kadowaki-Woods ratio A/γ 2 in CrP is calculated to be 3.7 µΩcm.mol
(where γ = 8.86 mJmol −1 K −2 from our specific heat data [31] ). This value is nearly 10 times higher than that of transition metals, but about 2.5 times lower than that of typical heavy fermions [32, 33] . Therefore, CrP can be regarded as a moderately correlated electron system. In Fig. 1(c) , the magnetoresistance (MR), defined as [ρ(B) − ρ(0)]/ρ(0) × 100%, is plotted against the magnetic field (B) for temperatures spanning three orders of magnitude from less than 20 mK to 20 K. The MR at all temperatures is almost proportional to B 2 , and shows no sign of saturation at 14 T. The overall magnitude of MR increases with decreasing temperature, reaching a value of about 2500% at 16 mK and 14 T. Additional high-field MR data up to 58 T also show no saturation of MR, as presented in the Supplemental Material [31] .
In Fig. 2(a) , the MR data are replotted against B/ρ(0). This is the so-called Kohler plot, and it is clear that all MR curves at different temperatures can be satisfactorily scaled onto a single universal curve, highlighting a universal scattering mechanism. Phenomenologically, the observation of the Kohler's scaling MR ∝ (B/ρ(0)) 2 naturally leads to the turn-on behaviour described above, provided that the crystal is sufficiently pure [7, 16] . This treatment rules out exotic field-induced scattering mechanism [34, 35] , e.g. a field-induced metal-insulator transition, and the turn-on behaviour is simply due to the extraordinarily high sample mobility [7, 16] . As a comparison, the MR becomes more unconventional upon moving towards the CrAs side. In CrAs at 13.1 kbar, the MR is no longer quadratic in field [21] , accompanied by a strongly violated Kohler's rule, as evidenced in Fig. 2(b) .
At 16 mK, we measured the MR of CrP from 8 T to 14 T at different θ, where θ is the angle between the c-axis and the magnetic field direction as shown in the inset of Fig. 3(a) . As the magnetic field rotates, the MR maintains the B 2 dependence, although the magnitude decreases from about 2500% at c-axis to about 200% at b-axis at 14 T, as shown in Fig. 3(a) . Figure 3(b) displays the angular dependence of the resistivity at 14 T and 16 mK (solid symbols), which roughly follows (cos 2 (θ)+γ
ani sin 2 (θ)) expected for an anisotropic Fermi surface, giving rise to an anisotropy γ ani ∼ 13. Our experimental configuration ensures a roughly constant Lorentz force. Therefore, the anisotropy most likely reflects the anisotropy of the underlying electronic structure. We note that the rather flat maximum near 0
• and the sharp, pointy minimum near 90
• may come from the multiband nature of the system, which contains several Fermi surface sheets with complicated shapes (see below).
To confirm the high carrier density nature of CrP, we calculated and measured the Fermi surface of CrP via density functional theory (DFT) and Shubnikov-de Haas (SdH) oscillations, respectively. With the large magne- toresistance background removed, clear SdH signals can be observed. Figure 3(c) shows the SdH oscillations of CrP at 16 mK for θ = 1
• and θ = 20
• . We analyzed such field sweeps at different θ with fast Fourier transform (FFT). Figure 3(d) displays the outcome of the analysis, showing the variation of the SdH amplitude against the SdH frequency and θ. The SdH frequencies vary smoothly with θ, resulting in branches that are labelled by Greek letters. From the FFT spectra, three groups of SdH branches can be seen: one group with frequencies larger than 3 kT, one group with frequencies less than 1 kT, and a single branch at around 1.25 kT. The high-frequency group exhibits a strong angular dependence, while the other groups are almost independent of θ. At θ = 1 • , we obtain peaks at 3.44 kT, 1.29 kT and about 0.5 kT, which are consistent with previous de Haas-van Alphen (dHvA) results [24] . The key difference between our work and the dHvA work is that the authors of Ref. [24] attributed the three branches with minima of ∼3.1 kT to 3.7 kT near B c to ellipsoidal Fermi surfaces. However, our calculations indicate that two of them come from quasi-2D Fermi surfaces and the middle branch is a breakdown orbit (see below). Additionally, we observed two new, small frequencies at 210 T and 410 T.
From the temperature dependence of the SdH amplitudes, we can extract the cyclotron effective masses (m * ) associated with the frequencies with sufficiently strong amplitudes using a standard Lifshitz-Kosevich prescription [36] . Figures 3(e) and (f) display the resultant fits of the SdH amplitudes at θ = 1
• , respectively. With these analyses, combined with the detailed knowledge of the cyclotron orbits to be discussed below, we are able to obtain m * associated with most frequencies. As tabulated in Table I , most m * have a value of the order of 2m e , consistent with the claim that CrP is a moderately correlated metal.
Since the SdH frequency (F ) is related to the area of the Fermi surface extremal orbit (S F ) via the Onsager's relation F = 2πe S F , the full angular dependence F (θ) enables a comparison with the calculated Fermi surface. Band structure calculations with spin-orbit coupling (SOC) included show that four pairs of bands cross the Fermi energy. We extract the size of extremal orbits, and hence the associated quantum oscillation frequencies, from the calculated Fermi surfaces. The extracted spinup and spin-down frequencies from each pair are practically identical, indicating an exceedingly weak energy splitting. In other words, SOC is negligible, consistent with the expectation for Cr-based electronic systems. In Fig. 4(e) , the extracted frequencies from these bands are shown in lines [31] , with the experimental results displayed as symbols. The qualitative agreement between experimental data and the calculated Fermi surfaces for these bands can be seen. Band 73/74 and Band 75/76 give rise to quasi-2D hole cylinders centered at S in the Brillouin zone. In Fig. 4(e) , the calculated "belly" frequencies (red and green solid lines) of these cylinders match well with the β and α branches respectively. However, an additional branch labelled as "α ⊕ β" is experimentally observed in between α and β branches, with the value roughly equal to (F α + F β )/2. The appearance of this branch can be understood as the "magnetic breakdown" involving α and β orbits. Figure 4 (f) shows the calculated extremal orbits from Bands 73/74 and 75/76 projected on to the k x -k y plane when the field is along k z . The inner orbits correspond to the neck orbits, while the larger, outer orbits are β and α, which are the belly orbits of the quasi-2D Fermi surfaces. It can be seen that β and α touch at points labelled as "1" and "3" along the S-Y direction. These degeneracies are protected by the nonsymmophic symmetry. Along the S-X direction β and α almost meet at "2" and "4". In fact, in the complete absence of the spin-orbit coupling, the orbits would also meet at "2" and "4". When the magnetic field is tilted towards the b-axis, the extremal orbits of α and β gradually expands but they remain degenerate at "1" and "3" along S-Y. Hence, the quasiparticle can always hop between β and α at "1" and "3", resulting in a breakdown orbit with frequency (F α +F β )/2, as observed. The bandstructure of CrP possesses a novel mechanism to realize the magnetic breakdown.
Band 77/78 is complicated with many closed orbits oriented along different directions. Unfortunately, we are unable to uniquely match the observed and the calculated frequencies. Band 79/80 contains two small Fermi pockets as shown in Fig. 4(d) , which give two low-frequency peaks of ∼200 T. Experimentally, δ and ε agree with the calculated frequencies. However, these peaks are weak and they disappear very quickly at higher temperatures, making it impossible to reliably obtain the effective masses. Nevertheless, our SdH data broadly agree with the calculated Fermi surfaces. Using a simple two-band model, a non-saturating, quadratic MR can be expected if the electron carrier density (n e ) is equal to the hole carrier density (n h ) [37] . In CrP, the calculated carrier densities are n e = 3.68 × 10 21 cm −3 and n h = 3.54 × 10 21 cm −3 , resulting in the ratio n e /n h = 1.04. On the other hand, simultaneous fitting of ρ xx (B) and ρ yx (B) using the twoband model under the assumption of n e /n h = 1 gives n e = n h = 3.1 × 10 21 cm −3 , which is in good agreement with the DFT estimates. Thus, CrP is nearly perfectly compensated, and the observation of a non-saturating, quadratic MR (Figs. 1(c) and S2) is consistent with the two-band model. However, we note that the carrier densities in CrP are nearly more than two orders of magnitude larger than that of most topological semimetals showing similar XMR behaviors. Therefore, our work shows that XMR behaviour is not limited to low-carrier density topological semimetals. Furthermore, despite its semiclassical origin, the two-band model can be applied to the present case with a large carrier density and complicated Fermi surface shapes.
SUMMARY
In summary, we have measured the magnetoresistance of CrP, which shows features similar to many topological semimetals. Our SdH oscillations and DFT calculations uncover a novel magnetic breakdown mechanism originated from degeneracies protected by the nonsymmorphic symmetry of the space group, and establish the applicability of the two-band model in a high-carrier density system with complex Fermi surfaces. Recently, a measurement of the angular dependence of the upper critical field of CrAs under pressure suggests the presence of spin-triplet superconductivity [38] . A theoretical calculation based on crystalline symmetries of P nma space group predicts that CrAs is a promising candidate to realize topological nonsymmorphic crystalline superconductivity [39] . Since the Fermi surfaces for both CrAs and CrP are very similar [21] , our magnetotransport data serve to establish a useful benchmark for understanding the normal state of CrAs.
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